A combination of density functional theory calculations and photoelectron spectroscopy provides new insights into the atomistic picture of ultrathin silica films grown on Ru(0001). The silica film features a double-layer silicate sheet formed by corner-sharing [SiO 4 ] tetrahedra and is weakly bound to the Ru(0001) substrate. This allows oxygen atoms to reversibly adsorb directly on the metal surface underneath the silica film. We demonstrate that the amount of adsorbed oxygen can be reversibly varied by vacuum annealing and oxidation, which in turn result in gradual changes of the silica/Ru electronic states. This finding opens the possibility for tuning the electronic properties of oxide/metal systems without altering the thickness or the structure of an oxide overlayer.
I. INTRODUCTION
In recent years, thin oxide films have received much interest due to their potential use in many technological applications as insulating layers in integrated circuits, protective films against corrosion, and supports for metal nanoparticles in sensors and catalysts, among other uses. In particular, well-defined ultrathin oxide films grown on metal substrates are excellent systems for studying structure-property relationships, [1] [2] [3] [4] [5] [6] since their electronic and chemical properties can be examined by a variety of surface-sensitive techniques, as well as modern computational methods. 7, 8 The interplay between experimental studies and computer simulations is crucial for understanding the structure and properties of ultrathin oxide films at the atomic level. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Silica (SiO 2 ) is one of the most important oxides in many modern technologies, with applications ranging from common support material in heterogeneous catalysis to bead for quantum dots 17 or the backbone of a nanofiltration system. 18 Beyond native oxide films formed on Si single crystal substrates, the preparation of thin crystalline SiO 2 films has been reported on Ni(111), 19 Pd(100), 20 TiO 2 (100), 21 and Mo(112). 9, [22] [23] [24] [25] [26] For ultrathin crystalline silica films grown on Mo(112) surface, it has been shown that the film is built of a single layer of corner-sharing [SiO 4 ] tetrahedra, each bonded to the Mo support by one corner oxygen atom. 9, 23, 24, 26 In a recent communication, 27 we reported the first successful preparation of a crystalline silica film on Ru(0001) that exhibits a two-dimensional network of two layers of corner-sharing [SiO 4 ] tetrahedra and is only weakly bound to the metal surface. This structure is a building element of layered silicate minerals (diphyllosilicates) 28 and can therefore be referred to as a silicate film. Here, we demonstrate that the weak interaction between the oxide film and the metal substrate allows for reversible adsorption of oxygen atoms directly on the metal surface underneath the silica film. The amount of adsorbed oxygen can be varied using vacuum annealing and oxidation, which in turn result in the gradual changes of the silica/Ru electronic states. This allows tuning of the electronic properties of the oxide/metal system without altering the thickness or the structure of the oxide overlayer.
The paper is organized as follows. In Sec. II, we describe the experimental details used for the preparation and characterization of the silica films. The computational methods, a short description of the structural models, and the formalism used to compare the stability of the investigated structures are presented in Sec. III. Experimental and theoretical results are shown in Sec. IV and Sec. V, respectively, which are followed by general discussion in Sec. VI.
II. EXPERIMENTAL DETAILS
The experiments were performed in two ultrahigh vacuum (UHV) chambers (base pressures below 5 × 10 −10 mbar). One chamber was equipped with ultraviolet and x-ray photoelectron spectroscopy (UPS/XPS) using a Scienta SES 200 analyzer, an infrared (IR) spectrometer (Bruker IFS 66v), fourgrid optics for low-energy electron diffraction (LEED, from Omicron), and a scanning tunneling microscope (STM, from Omicron). In addition, electron spectroscopy measurements were carried out at the UE52-PGM beamline at the synchrotron facility BESSY II (Berlin) using a Scienta R4000 analyzer.
The binding energies (BEs) in the x-ray photoelectron (XP) spectra, obtained with the commercial dual x-ray source (hν (Mg K α ) = 1253.6 eV; hν (Al K α ) = 1486.6 eV), were referenced to the Fermi edge of a Ru substrate. The photoelectron spectra at BESSY were calibrated with a gold foil by setting the Au 4f 7/2 level to 84.0 eV and were obtained at both normal and grazing (80 • ) electron emissions using photon energies of 200 eV for the Si2p levels and 630 eV for the O1s levels, respectively.
The Ru(0001) single crystal (8 mm in diameter and 1.5 mm in thickness, from Mateck) was cleaned by repeated cycles of Ar + sputtering (2 kV, 20 μA) at 500 K followed by annealing at 1450 K until no contaminations (typically, carbon and sulfur) were detected by XPS. The temperature was measured by a K-type thermocouple spot welded to the edge of the crystal. In addition, high temperatures were measured by pyrometer for comparison. Due to different sample holder and thermocouple geometries used in these two UHV chambers, there may be some deviations in absolute temperatures used for sample preparations.
Silicon (99.99% purity, from Goodfellow) was deposited using an e-beam-assisted evaporator (Focus EFM3). During evaporation, the substrate was biased at the same potential as the Si rod to prevent acceleration of ions toward the sample, which could create uncontrolled defects.
III. COMPUTATIONAL DETAILS
All calculations were based on density functional theory (DFT) and were carried out using a Vienna ab initio simulation package (VASP), 29, 30 along with the Perdew-Burke-Ernzerhof (PBE) 31, 32 exchange-correlation functional. The electronion interactions were described by the projector augmented wave method, originally developed by Blöchl 33 and adapted by Kresse and Joubert. 34 Only the valence electrons were explicitly considered. A semiempirical dispersion correction was added to qualitatively account for the dispersion forces (PBE + D). [35] [36] [37] Unless stated otherwise, a 400-eV cutoff for the plane wave basis set and a (8 × 4 × 1) Monkhorst-Pack grid 38 for the integrations of the first Brillouin zone were used. The positions of nuclei were relaxed until the forces were smaller than 10 −3 eV/Å. The core-level energies were calculated including final state effects using a modified projector augmented wave method. 39 Harmonic vibrational frequencies were calculated using a central finite difference method with 0.02-Å displacements of the atoms in each Cartesian direction. The intensities were obtained from the derivatives of the dipole moment component perpendicular to the surface. To compensate for systematic errors of DFT, the vibrational frequencies are scaled by an empirical factor of 1.0341 derived from a comparison between experimental 40, 41 and calculated frequencies for α-quartz (see Supplemental Material in Ref. 27 ).
The Ru(0001) substrate was constructed from a relaxed bulk hexagonal close packed structure with calculated lattice constants of a = 2.698Å and c = 4.243Å, in excellent agreement with the experimental values of a = 2.696Å and c = 4.269Å. 42 Bulk structure optimization was carried out using a 1200-eV cutoff for the plane wave basis set and a (13 × 13 × 8) Monkhorst-Pack grid 38 for the integrations of the first Brillouin zone. The surface slabs were modeled using an orthorhombic (2 × 2) supercell, a 0 = 5.396Å and b 0 = 9.346 A, containing five Ru layers, with the three top layers allowed to relax and two bottom layers fixed to their bulk positions.
The stability of different (SiO 2 ) 8 nO/Ru(0001) surface models was analyzed using Gibbs free energies of oxygen adsorption, G, according to the reaction
This allows comparison of the stability of the models at different experimental conditions, i.e., oxygen partial pressure and temperature. The adhesion energies of different models, E adh , were compared according to the equation
where E (SiO 2 ) 8 nO/Ru(0001) corresponds to the energy of a given (SiO 2 ) 8 nO/Ru(0001) model, E nO/Ru(0001) is the energy of the oxygen-covered Ru(0001) surface, and E (SiO 2 ) 8 is the energy of the isolated silica double layer.
IV. EXPERIMENTAL RESULTS
The clean Ru(0001) substrate was first oxidized in 5 × 10 −8 mbar of O 2 at 373 K for 6 min, which resulted in a (2 × 1)O/Ru(0001) structure 43, 44 with an oxygen coverage of 0.5 ML. The oxygen ad-layer was used primarily to prevent intermixing of Si and Ru, as well as to facilitate the oxidation of Si ad-atoms. Deposition of ∼1.2 ML of Si onto the O-covered Ru(0001) in 10 −7 mbar of O 2 caused disappearance of the LEED pattern, thus indicating a lack of long-range ordering. Indeed, STM inspection revealed a granular-like film with a broad size distribution of particles ∼10 nm in their lateral dimension and ∼2 nm in height, on average (not shown). The XP spectra of this sample ( Fig. 1 ) reveal multiple oxidation states for Si, with most in the Si 4+ state (103.3 eV) based on the BEs of silica materials reported in the literature. [45] [46] [47] The rest of Si (BEs between 99 and 102 eV) resides nonoxidized or forms suboxides like Si 2 O, SiO, and Si 2 O 3 . The relative intensity of the Si2p states at low BEs was increasing at higher photon energy and diminishing at grazing emission (not shown), thus suggesting that oxidized Si species dominate the surface.
To prepare a well-ordered film, the silica deposits were further oxidized in 2 × 10 −6 mbar of O 2 at 1140 K for 15 min. The oxygen was pumped out after the sample cooled down to ∼500 K. STM images (not shown) of the resultant surface revealed a flat film covering practically the entire surface with the area of scarce pits and/or holes not exceeding 10%.
The Si2p region ( Fig. 1 ) revealed the sharp peak centered at 102.5 eV (the full width at half maximum, or FWHM, is 1.35 eV), indicating the presence of only one oxidation state of Si in the film. In principle, the obtained BE falls into the range expected for Si 3+ and Si 4+ compounds. [45] [46] [47] The precise assignment of oxidation states in thin films based on BEs is not straightforward due to the final state effects. The energy separation between the Si2p and the O1s levels (429.2 ± 0.2 eV) is close to that reported in Ref. 45 for native SiO 2 films on Si, i.e., 429.9 eV, and is definitely much smaller than reported in the same paper for Si 2 O 3 and SiO bulk compounds (432.6 and 432.8 eV, respectively). Therefore, we conclude that Si is present in films solely in a fully oxidized Si 4+ state. The O1s region of the prepared films shows two sharp (FWHM = 1.3 eV) peaks, with an intensity ratio of ∼12:1. The main peak at 531.7 eV can be attributed straightforwardly to oxygen coordinated to Si (hereafter referred to as O(Si)). The second peak at 529.9 eV has the same BE as the one measured on the (2 × 1)O/Ru(0001) surface and is therefore assigned to oxygen chemisorbed on the Ru substrate underneath the silica film (referred to as O(Ru)). This conclusion was further supported by the attenuation of the 529.9-eV peak at grazing emission (as shown in the inset of Fig. 1 ), indicating the "subsurface" nature of respective species. Using the (2 × 1)O/Ru(0001) surface as a reference, the absolute amounts of these O atoms in the samples varies in the range of 0.25-0.5 ML, depending on how we take into account the signal attenuation by the top-lying silica layer.
The valence band of the silica films was studied both with ultraviolet light (hν (He I) = 21.2 eV) and with synchrotron radiation (hν = 140 eV). Basically, both techniques show the same features (Fig. 2) . Small differences between the spectra can be explained by different ionization cross-sections at the photon energies used and a relatively higher spectral resolution obtained with the synchrotron light. The peak ∼2.4 eV and the shoulder ∼5.6 eV can be assigned to the states related to the oxygen-covered Ru substrate. [48] [49] [50] The bands between 5 and 9 eV are attributed to O2p nonbonding states in silica. 24, [51] [52] [53] Overlap of the O2p nonbonding states from the O-Si and the O-Ru bonds, as well as the hardly resolved splitting of the p x and p y orbitals, expected for the silica compounds with a nonlinear Si-O-Si bond configuration, 54 causes some broadening in this region. The peak ∼10.6 eV can be assigned to the hybridized O2p-Si3s,3p bonding orbitals in Si-O-Si building blocks. 24, [53] [54] [55] The electronic state ∼11.5 eV, observed for SiO 2.5 films on Mo(112), 24, 53 is missing here due to the absence of Si-O-Ru bonds in the silicate film grown on Ru(0001).
Near-edge x-ray absorption fine structure (NEXAFS) spectroscopy also supports the silicate-like structure of the silica films on Ru(0001). Figure 3(a) surprisingly, the spectrum is similar to that observed for SiO 2.5 film on Mo(112) (Ref. 24 , shown in Fig. 3(a) for comparison) , since both structures exhibit the same structural motif, i.e., corner-sharing [SiO 4 ] tetrahedra.
To monitor thermal stability of the films, we performed XPS studies as a function of annealing temperature (Fig. 4) . It turned out that the Si2p peak shifts by ∼0.8 eV (i.e., from 102.5 eV, measured for the "as-prepared" films, to 103.3 eV) upon UHV annealing to 1150 K. A similar shift is observed for the O1s(Si) level such that the energy separation between the Si2p and the O1s(Si) peaks remains constant. Also, the intensity and FWHM of these two signals are not changed. Therefore, the silica film maintains its chemical composition and stoichiometry. The O1s(Ru)-related peak does not shift, although the intensity decreases upon UHV annealing to 1150 K by a factor of approximately two. Interestingly, the BE shifts are observed in the same range of temperatures as the onset of the oxygen desorption on Ru(0001). 59, 60 All these findings suggest that during UHV annealing the interfacial oxygen between SiO 2 and Ru(0001) desorbs, ultimately forming so-called O-poor films compared to the as-prepared "O-rich" films, the nomenclature we used for monolayer silica films grown on Mo(112). 15 The transition between the two states is fully reversible: the spectrum shifts back after sample reoxidation in 2 × 10 −6 mbar of O 2 at 1140 K.
The valence band responds to the thermal treatments in the same way as the core levels. Silica-related features in the valence band shift by the same value (∼0.8 eV) as the Si2p and O1s peaks (see the inset of Fig. 2 ). Annealing did not cause any detectable changes in LEED (not shown) or infrared reflection absorption (IRA) spectroscopy (described later)-or in the large-scale morphology of the films monitored by STM, supporting the treatments' lack of effect on the structure of the silica film.
V. COMPUTATIONAL RESULTS
As in our previous studies of thin SiO 9 The absence of Ru-O-Si and Ru-Si bonds suggests that the silica is only weakly bound to the metal surface. Therefore, we choose an unbound, honeycomb-like structure with two layers of corner-sharing [SiO 4 ] tetrahedra bonded together by linking oxygen atoms [ Fig. 5(a) ]. Such a bilayer structure was considered for the SiO 2.5 /Mo(112) film 61 but was rejected because of a discrepancy with the experimental results.
To investigate the influence of the interfacial oxygen atoms on the structure of the silica films, we consider four additional models containing oxygen adsorbed directly on the Ru(0001) surface, i.e., at the interface between the silica layer and the metal. These models are based on the well-documented O/Ru(0001)-ordered structures, such as 63 and (1 × 1)-O. 64 To simplify the nomenclature, the O-rich models are denoted by the amount of oxygen within the orthogonal (2 × 2) Ru(0001) unit cell, i.e., (SiO 2 ) 8 2O/Ru, (SiO 2 ) 8 4O/Ru, (SiO 2 ) 8 6O/Ru, and (SiO 2 ) 8 8O/Ru, respectively. A systematic search for energy minima was performed for all structures by positioning a silica layer in several distinct registries in relation to the Ru(0001) surface. The most stable structures of the silica films are shown in Fig. 5 . As a result of full valence saturation of both sides of the silica layer, the film stays unbound to the substrate and is separated by 2.75Å from the topmost Ru atoms in the (SiO 2 ) 8 /Ru structure. This separation considerably increases with the increasing number of interfacial oxygen atoms and reaches 3.85Å for the (SiO 2 ) 8 8O/Ru structure (cf. Table I ). The Si-O bond lengths in all models are in the range between 1.62 and 1.65Å and are not influenced by the number of the interfacial oxygen atoms. Figure 6 shows the plot of Gibbs free energies of oxygen adsorption [Eq. (1)] for the calculated models as a function of temperature at the oxygen partial pressure p = 2 × 10 −6 mbar (for O 2 rotational, vibrational, and translational thermal contributions are included). It demonstrates that the structure with the highest oxygen coverage, (SiO 2 ) 8 8O/Ru, is the most stable up to ∼700 K. As the temperature increases, the stability shifts in favor of structures with a smaller amount of interfacial oxygen atoms. The most stable structures are (SiO 2 ) 8 6O/Ru for temperatures between 700 and 1000 K, (SiO 2 ) 8 4O/Ru between 1000 and 1100 K, and (SiO 2 ) 8 2O/Ru between 1100 and 1400 K. The O-poor (SiO 2 ) 8 /Ru structure is predicted to be stable only above 1400 K. Table I shows the total adhesion energies E adh and corresponding dispersion energy contributions E d adh calculated for the double-layer silica models. For all investigated structures, the pure DFT contribution is repulsive and the final attractive adhesion energies are dominated by the dispersion contribution. The calculated values of E adh are similar to those of other dispersion-bound systems, e.g., to the interlayer BE in bulk V 2 O 5 . 37 The (SiO 2 ) 8 /Ru structure with no interfacial oxygen atoms has the highest adhesion energy. Oxygen adsorption on the Ru(0001) surface considerably lowers the adhesion energy. Apparently, this effect is connected to the repulsive interaction between the oxygen atoms of the silica film and the interfacial oxygen atoms. Due to this repulsion, adsorption of the same amount of oxygen on an exposed metal surface is preferable to adsorption underneath the silica film (Table II) . However, if patches of the silica-covered and the uncovered Ru surface coexisted (which is not the case for our experiments), equilibrium between the amount of oxygen adsorbed in these two domains, rather than full segregation to the metal domain, would be expected. The reason for this is rapid decrease in BE with increasing oxygen coverage. The broad band between 5 and 15 eV above the Fermi level corresponds to the states localized on the O atoms in the silica film. The amount of interfacial oxygen only slightly influences the position of the broad band but strongly affects the intensity ratio of the broad band with respect to the sharp peak. Figure 7 shows the calculated harmonic IRA spectra. For all structure models, only two IR active modes above 600 cm Fig. 8(b) ] and is virtually independent of the distance between the silica film and the metal substrate [ Fig. 8(c) ]. Figure 4 shows experimental XP spectra obtained for the silica film stepwise annealed in UHV from 1030 to 1150 K. Energy separation between the O(Si) and the O(Ru) peaks for the as-prepared films is 2.0 eV, and it changes upon annealing in UHV to 2.1 eV (1030 K), 2.3 eV (1080 K), 2.4 eV (1130 K), and 2.5 eV (1150 K). The DFT calculations, combined with thermodynamic analysis, revealed that the amount of interfacial oxygen adsorbed on the Ru substrate depends on the annealing temperature. As shown in Fig. 6 , the (SiO 2 ) 8 6O/Ru structure is the most stable at ∼900 K, but it 085403-6 transforms into (SiO 2 ) 8 4O/Ru and finally into (SiO 2 ) 8 2O/Ru upon increasing temperature. The O-poor (SiO 2 ) 8 /Ru structure dominates the surface only above 1400 K. XP-spectra simulations performed for these structures [ Fig. 8(a) ] yield values comparable to those obtained in experiments, i.e., 1.8 eV for (SiO 2 ) 8 8O/Ru, 2.0 eV for (SiO 2 ) 8 6O/Ru, 2.2 eV for (SiO 2 ) 8 4O/Ru, and 2.5 eV for (SiO 2 ) 8 2O/Ru structures. These results demonstrate that annealing of the as-prepared films at elevated temperatures leads to gradual desorption of oxygen from the metal surface. This process, in turn, results in an increase of the energy separation between the O1s(Si) and the O1s(Ru) levels observed in both experiments (Fig. 4) and calculations [ Fig. 8(a) ].
VI. COMPARISON: EXPERIMENT VERSUS THEORY
The projected O2p density of unoccupied states calculated for the models matches well the NEXAFS spectrum, as shown in Fig. 3 . According to the calculations, the well-resolved state ∼2 eV above the Fermi level, revealed in the experiment, is only present when the structure contains interfacial oxygen. The relative intensity of the two spectral features (i.e., a sharp band at 2 eV and a broad band between 5 and 15 eV) suggests that the as-prepared (i.e., prepared in oxygen ambient) film contains on average between two and four interfacial O atoms per unit cell. These observations are consistent with stability analysis, indicating that the (SiO 2 ) 8 2O/Ru and (SiO 2 ) 8 4O/Ru structures are the most stable under the experimental conditions applied.
The O-rich and O-poor films can hardly be distinguished by IRAS. Only small variations of the vibrational frequencies with oxygen content at the interface are observed (not shown here). The experimental IRA spectra of the silica films show two very sharp absorption bands at 1302 and 692 cm −1 . For all investigated models, the positions and relative intensities of the calculated bands are in excellent agreement with the experimental results (Fig. 7) .
VII. CONCLUSIONS
Through a combination of DFT calculations and electron spectroscopy results, we provide new insights into the atomistic picture of ultrathin silica films grown on Ru(0001). The silica film features an all-Si silicate sheet formed by corner-sharing [SiO 4 ] tetrahedra and is weakly bound to a Ru(0001) substrate, thus allowing oxygen atoms to reversibly adsorb directly on the metal surface underneath the film. The amount of adsorbed oxygen can be reversibly varied by vacuum annealing and oxidation, which in turn result in the gradual changes of the silica/Ru electronic states. This finding opens the possibility of tuning electronic properties of oxide/metal systems without altering the thickness and structure of an oxide overlayer.
